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The purpose of this review was to highlight recent research in mechanics and osteoarthritis (OA) by
summarizing results from selected studies spanning basic and clinical research methods. Databases were
searched from January 2013 through to March 2014. Working in pairs, reviewers selected 67 studies
categorized into four themes e mechanobiology, ambulatory mechanics, biomechanical interventions
and mechanical risk factors. Novel developments in mechanobiology included the identiﬁcation of cell
signaling pathways that mediated cellular responses to loading of articular cartilage. Studies in ambu-
latory mechanics included an increased focus on instrumented knee implants and progress in compu-
tational models, both emphasizing the importance of muscular contributions to load. Several proposed
biomechanical interventions (e.g., shoe insoles and knee braces) produced variable changes in external
knee joint moments during walking, while meta-analysis of randomized clinical trials did not support
the use of lateral wedge insoles for decreasing pain. Results from high quality randomized trials sug-
gested diet with or without exercise decreased indicators of knee joint load during walking, whereas
similar effects from exercise alone were not detected with the measures used. Data from longitudinal
cohorts suggested mechanical alignment was a risk factor for incidence and progression of OA, with the
mechanism involving damage to the meniscus. In combination, the basic and clinical studies highlight
the importance of considering multiple contributors to joint loading that can evoke both protective and
damaging responses. Although challenges clearly exist, future studies should strive to integrate basic and
clinical research methods to gain a greater understanding of the interactions among mechanical factors
in OA and to develop improved preventive and therapeutic strategies.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Mechanics is the study of the relationships between motion,
forces and energy e it crosses several disciplines that have partic-
ular relevance in osteoarthritis (OA) research1e4. Mechanical fac-
tors play important roles in promoting both the health of a joint and
its degeneration. Appropriate loading is required to maintain
healthy joint tissues, while aberrant loading contributes to the
development and progression of OA. The mechanisms by which
mechanical factors alter joint physiology, their contribution to OA
incidence and progression, and their potential role in intervention
strategies are all key areas of research. Therefore, investigations ofto: T.B. Birmingham, Elborn
tario, London, ON N6G 1H1,
1-3866.
).
ternational. Published by Elsevier Lmechanical factors in OA span both basic and clinical studies, with
methods that range broadly and include those rooted in cellular
and molecular biology, mechanical engineering, kinesiology and
clinical epidemiology. Acknowledging that each of these areas of
research contribute substantial knowledge, and with a goal of
promoting future transdisciplinary research, the purpose of this
review was to highlight recent research in mechanics and OA by
summarizing results from selected studies spanning basic and
clinical research methods.
Literature search
MEDLINE and EMBASE were systematically searched from
January 2013 through to March 2014 for full text, peer-reviewed,
English language articles using the following search strategy
(“mechanic*” OR “biomechanic*” OR “mechano*” OR “load*”) AND
(“osteoarthritis” OR “OA”). We also manually searched Table of
Contents of the most relevant journals. The search identiﬁed 606td. All rights reserved.
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cles, deciding on 67 studies that aligned with the following over-
lapping themes e mechanobiology, ambulatory mechanics,
biomechanical interventions, and mechanical risk factors. Working
in pairs, full manuscripts were assessed by four reviewers. Studies
ranged from in vitro and animal models to large-scale randomized
clinical trials and longitudinal cohort studies. With few exceptions,
studies focused on knee OA.
Basic studies
Mechanobiology
Mechanical loading of cartilage is an essential component in
maintaining healthy and functional articular cartilage5. How carti-
lage cells sense stresses in their environment and convert these
stresses to biochemical signals (e.g., mechanotransduction) that
then regulate their response remains incompletely understood6.
Chondrocytes are the sole cell type of cartilage, which consists
primarily of water, type II collagen and large proteoglycan aggre-
gates. The collagen network is responsible for the tensile strength
whereas the proteoglycan aggregates (mainly aggrecan) with their
glycosaminoglycan (GAG) side-chains determine the stiffness of the
cartilage7. Moderate cyclic and dynamic stimuli are necessary for
the maintenance of metabolic processes and have been shown to
play a beneﬁcial role in cartilage homeostasis. For example, lifelong
voluntary wheel running was found to have a protective effect in
mice with heterozygous mutations in the Col2a1 gene5,8. However,
super-physiological compression of the tibiofemoral joint, mala-
lignment, and increased body mass are risk factors for the onset
and progression of OA9. Excessive chronic mechanical loading has
been implicated in the accumulation of microdamage in thematrix,
and potential fatigue failure in chondrocytes leading to tissue
damage10,11.
A variety of cellular structures (such as primary cilia) and cell
surface molecules including integrins, cell adhesion receptors, and
ion channels have been implicated in mechanotransduction in
cartilage12. Numerous factors can inﬂuence the chondrocyte
response to loads, including the relative position of the respective
cell in the cartilage (e.g., superﬁcial vs deep zone) and the cell's
epigenetic status13,14. In the last year, we saw novel developments
in mechanobiology that focused primarily on the identiﬁcation of
cell signaling pathways that mediate cellular responses to loading
of articular cartilage. Selected studies are summarized in
Table I9,11e19 and key ﬁndings on chondrocyte mechano-
transduction are described in more detail below.
O'Conor et al.12 demonstrated a critical role of Transient Re-
ceptor Potential Vanilloid 4 (TRPV4), a calcium preferred ion
channel, in mechanoregulation of matrix metabolism in response
to dynamic compressive loading. Inhibition of TRPV4 blocks pro-
tective gene expression responses to dynamic mechanical loading
as well as mechanically-induced enhancement of matrix accumu-
lation and function. On the other hand, activation of this mediator
of mechanotransduction resulted in transcriptional induction of
anabolic growth factors such as TGF-B3, and suppression of
proinﬂammatory mediators (NOS-2) and cartilage catabolic en-
zymes (ADAMTS-5). These intriguing data raise the question
whether pharmacological activation of TRPV4 could be used clini-
cally to promote cartilage health. Changes in relative osmolarity
were also implicated in eliciting the response of TRPV4, suggesting
that cells may be activated due to a change in stress of the envi-
ronment, and respond through changes in intracellular calcium
signaling.
A second mechanosensitive pathway in chondrocytes was
described by Ogawa et al.13. The zones of cartilage have beendifferentially implicated in response to mechanical stimulation.
Lubricin, a secreted proteoglycan encoded by the PRG4 gene, me-
diates the lubrication of diarthrodial joints and is highly expressed
in the superﬁcial zone of cartilage as well as in synoviocytes20.
Ogawa and colleagues now demonstrated that, in vivo, voluntary
wheel running increases mRNA levels of Prg4. Wheel running also
increased the accumulation of prostaglandin E2 (PGE2) in the su-
perﬁcial zone of the knee joint. Celecoxib, an inhibitor of COX-2,
which is a central enzyme in PGE2 synthesis, suppressed Prg4
activation, suggesting that mechanical motion boosts PRG4
expression via a COX-2/PGE2 dependent pathway.
Similarly, ﬂuid ﬂow shear stress (FFSS) promotes the secretion of
PGE2 by cultured chondrocytes into the medium, which is neces-
sary for maximum PRG4 expression. Additionally, FFSS enhances
expression and secretion of Parathyroid Hormone Receptor Protein
(PTHrP), and secretion of extracellular adenosine triphosphate
(ATP). Both PTHrP and extracellular ATP are necessary for maximal
PRG4 expression. In addition, submaximal levels of ATP and a PGE2
agonist work in combination to induce expression of PRG4. The
authors also provide evidence that ATP and PGE2 release from cells
is mediated by Pannexin 1 channels or Connexin hemichannels.
Extracellular ATP acts through various types of extracellular re-
ceptors such as P2X receptors (ion channels), and P2Y receptors
(coupled to G-Protein signaling). The administration of P2X7 an-
tagonists signiﬁcantly decreased the induction of PRG4 in chon-
drocytes. Of importance is that both P2X7 and P2Y2 are expressed
in human primary chondrocytes and induce increased levels of
intracellular calcium levels upon ATP binding. In contrast, calcium
chelators decrease PRG4 expression. Therefore calcium binding is
critical for the maximum expression of PRG4, which may be
mediated through ATP and PGE2. In addition, the activation of
protein kinase A (PKA) or adenylate cyclase (e.g., in response to
PTHrP) is sufﬁcient to induce the expression of PRG4 through
activation of the transcription factor CREB13, a central regulator of
Prg4 gene transcription. These ﬁndings are summarized in Fig. 1.
A related study by Abusara et al.15 also demonstrated increased
PRG4 levels in the synovial ﬂuid of mice undergoing isometric
muscular contractions at moderate intensity. However, this effect
was reversed by high intensity contractions, suggesting an intensity
threshold level were loading effects switch from protective to
damaging. This threshold concept will be further discussed below.
The importance of the PKA/CREB pathway was also indicated in
the study by Juhasz et al.16. In their experiments, short-term uni-
axial cyclic mechanical loading enhances cartilage formation and
reduces proliferation in chicken micromass cultures. This was
demonstrated through a considerable increase in GAG synthesis.
Increased loading was seen to activate PKA, which in turn induced
phosphorylation of SOX9 and CREB, and thereby chondrogenesis.
This loading paradigm also reduced PP2A activity, which is a
negative regulator of chondrogenesis16.
Taken together these studies provide a basis for the positive
effects of mechanical loading on cartilage. We see that moderate
loading results in the mediation of proinﬂammatory, anabolic, and
catabolic genes through intracellular calcium and PKA signaling.
These pathways may be regulated by Pannexin and Connexin
hemichannels through ATP and PGE2 release, in addition to PTHrP.
These extracellular signals activate the calcium and PKA signaling
pathways, converging on CREB and Sox9, resulting in chondro-
genesis in response to mechanical loading.
However, mechanical loading can also have detrimental effects
on chondrocytes as well as the cartilage matrix. Changes in
epigenetic processes such as histone modiﬁcation in response to
mechanical loading can contribute to the catabolic response to
mechanical stress. A recent study by Saito et al.14 highlights me-
chanical stress-induced changes in chondrocytes and proposes
Table I
Summary of studies in mechanobiology
Reference Model New ﬁndings and signiﬁcance
Gardner-Morse et al. (2013)9 Rat Contact stresses increased linearly in the medial compartment of a rat's tibiofemoral joint for each 10% increase in varus
loading. Small decreases in contact stress were observed in the lateral compartment.
Horisberger et al. (2013)11 Rabbit Excessive eccentric, concentric and isometric knee extensor loading in rabbits all demonstrated increased cell death
compared to the contralateral, non-loaded limb. Tissue breakdown occurs when load frequency increases despite constant
magnitudes of load.
O'Conor et al. (2014)12 Porcine Cartilage extracellular matrix biosynthesis and metabolism are regulated by TRPV4 transduction in response to compressive
mechanical loading. Inhibiting TRPV4 can prevent mechanoregulation and transcriptional control of other key pathway
genes. Activation of TRPV4 induces anabolic growth factors and suppresses pro-inﬂammatory mediators and cartilage
catabolic enzymes.
Ogawa et al. (2014)13 Mouse Voluntary wheel running induces mRNA expression of PRG4. Expression of PRG4 is enhanced by FFSS via increased secretion
of signaling molecules (PGE2, ATP) and activation of downstream pathways (calcium, PKA/CREB).
Saito et al. (2013)14 Human Cyclic tensile strain-induced expression of RUNX-2 and ADAMTS-5 was suppressed by HDAC inhibitors via the inhibition of
the MAPK pathway activation in human chondrocytes, suggesting a novel therapeutic role for HDAC inhibitors against
degenerative joint disease.
Abusara et al. (2014)15 Mouse Knee joint loading with repeated low intensity isometric contractions was associated with increased total protein and PRG4
concentrations. However, high intensity loading was associated with decreased total protein and PRG4 concentrations.
These changes may be used as quantitative indicators of acute joint loading.
Juhasz et al. (2014)16 Chicken Short term mechanical stimuli can assist cartilage formation by promoting differentiation and matrix production of
chondrogenic cells. GAG synthesis increased and activated PKA induced chondrogenesis via phosphorylation of SOX9 and
CREB.
Thompson et al. (2014)17 Bovine Increasing strain loading progressively shortened cilia length. Cilia disassembly was decreased with HDAC-6 inhibition and
mechanosensitive signaling, acting as a potential chondroprotective mechanism to prevent OA progression.
Hosseini et al. (2013)18 Bovine A loading threshold was identiﬁed after cartilage softening was initiated suggesting that softening of the cartilage takes
place before the onset of visible cartilage damage.
Li et al. (2013)19 Bovine Moderate dynamic compression inhibited the pro-catabolic response of cartilage to mechanical injury but results suggest a
threshold beyond which further compression becomes detrimental.
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study, uniaxial cyclic tensile strain at 0.5 Hz decreases type II
collagen expression, and increases expression of RUNX-2 and
ADAMTS-5. RUNX-2 contributes to cartilage breakdown by pro-
moting chondrocyte hypertrophy, whereas ADAMTS-5 is a potent
catabolic enzyme involved in aggrecan cleavage. Mechanical stress
increases phosphorylation of extracellular-signal-regulated kinase
(ERK) 1, 2, p38, and c-Jun N-terminal kinase (JNK) which constitute
the main MAPK (mitogen activated protein kinase) pathways. Me-
chanical stress-induced changes in MAPK phosphorylation and the
expression of RUNX-2 and ADAMTS-5 were attenuated following
treatment with HDAC inhibitors14. However, as HDACs affect theMechanical Load
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Fig. 1. Regulation of Prg4 transcription by loading. This ﬁgure summarizes the ﬁndings by Og
PTHrP from superﬁcial zone chondrocytes, in part through Pannexin channels. These releas
Activation of the receptors leads to stimulation of downstream signaling cascades (e.g.,
converge on the transcription factor CREB. CREB activation results in increased transcriptioexpression of many genes (presumably both protective and cata-
bolic), an approach targeting these key regulators of gene expres-
sion comes with considerable risk.
As mentioned earlier, structures of the cytoskeleton have the
ability to respond tomechanical signals and transduce these signals
into a biochemical response. The investigation by Thompson et al.17
found that 10% equibiaxial uniform cyclic tensile strain reduced the
length of primary cilia, a key cellular structure involved in both
mechanosensing and hedgehog signaling. At higher levels of strain
the cilia disassemble in response to mechanical load and thereby
decrease mechanosensitive hedgehog signaling and ADAMTS-5
expression. The authors propose that this may be indicative of aing 
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Nucleus 
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awa et al.13. Loading (e.g., running or shear stress) induces the release of ATP, PGE2 and
ed molecules can act on proximal cells through their respective cell surface receptors.
cyclic adenosine monophosphate (cAMP)/PKA and calcium-activated pathways) that
n of the Prg4 gene.
Table II
Summary of studies in ambulatory mechanics
Reference Characteristics and sample size New ﬁndings and signiﬁcance
Motion analysis
Shull et al. (2013)22 Repeated-measures under altered gait
patterns
[n ¼ 12]; medial knee OA
Toe-in gait resulted in a medial shift of the knee joint center and lateral shift in
the foot center of pressure, decreasing the ﬁrst peak knee adduction moment
with no change in the external knee ﬂexion moment.
Simic et al. (2013)23 Repeated-measures under altered gait
patterns
[n ¼ 22]; medial knee OA
Toe-in gait decreased the early stance peak knee adduction moment and late
stance knee extension moment, but increased the late stance peak knee
adduction moment, angular impulse, and peak knee ﬂexion moment. Toe-out
gait had opposite effects. An optimal foot progression angle was not achieved.
Pain and malalignment mediated the effects of foot progression angle on the
frontal and sagittal plane moments.
Mills et al. (2013)24 Cross-sectional
[n ¼ 18]; unilateral knee OA
[n ¼ 18]; bilateral knee OA
[n ¼ 18]; healthy controls
Patients with bilateral knee OA had the largest between-limb asymmetries for
knee ﬂexion, hip adduction at initial contact and knee adduction throughout
stance. Symmetrical gait patterns were observed for controls and patients with
unilateral knee OA.
Metcalfe et al. (2013)25 Cross-sectional
[n ¼ 20]; medial knee OA
[n ¼ 40]; healthy controls
Increases in the adduction moment and angular impulse for the affected and
unaffected knees as well as the contralateral hip were observed in patients with
knee OA, with signiﬁcant increases in muscle co-contraction of the medial and
lateral quadriceps and hamstrings bilaterally compared to controls.
Chang et al. (2013)26 Cross-sectional
[n ¼ 440 knees]; medial knee OA
Patients with knee OA and a varus thrust had a greater varus angle and greater
peak varus angle velocity during stance compared to patients without a deﬁnite
varus thrust.
Creaby et al. (2013)27 Cross-sectional
[n ¼ 89]; medial knee OA
Greater knee ﬂexion excursion was associated with a greater vertical ground
reaction force and a greater ﬂexion angle was associated with a greater ﬂexion
moment, suggesting higher sagittal plane loading. The peak knee ﬂexion angle
was not associated with the peak knee adduction moment during walking.
Maly et al. (2013)28 Cross-sectional
[n ¼ 31]; medial knee OA
[n ¼ 30]; healthy controls
Cumulative knee adduction load was better than the peak knee adduction
moment when discriminating patients with knee OA from healthy controls.
Cumulative knee adduction load incorporates more mechanical factors
including the angular impulse and repetition of loading.
Mills et al. (2013)29 Systematic review, meta-analysis
[n ¼ 41]; gait biomechanic studies
Inconsistent differences in the knee adduction moment were observed between
patients with and without knee OA. Most deviations included temporal-spatial
variables in patients with severe disease.
Favre et al. (2014)30 Cross-sectional
[n ¼ 29]; young, asymptomatic
[n ¼ 27]; older, asymptomatic
[n ¼ 54]; medial knee OA
At heel strike, patients with medial knee OA walked with less knee extension
(shank positioned more vertically) and smaller knee extension moments
compared to either asymptomatic group. Those patients with more severe
disease had the smallest knee extension angle and moment during terminal
stance.
Cochrane et al. (2014)31 Cross-sectional
[n ¼ 10]; medial knee OA
[n ¼ 10]; healthy controls
Toe-out gait patterns resulted from external rotation through the shank and foot
with little rotation from the thigh. Toe-out patterns in patients with knee OA
were similar to those of healthy controls.
Instrumented knee implants
Bergmann et al. (2013)32 Repeated-measures under different
activities
[n ¼ 8]; avg. 24 months post-TKA
Torque around the implant stem was largest during walking and slow jogging.
The majority of the measured loads exceeded loads outlined by ISO standards.
Extreme variability between patients limits the ability to predict all sources of
implant failure.
Kinney et al. (2013)33 Repeated-measures under altered gait
patterns
[n ¼ 1]; 7 years post-TKA
Bilateral, long hiking poles with a wide pole placement consistently reduced
medial and lateral knee joint contact forces. Walking with hiking poles resulted
in larger reductions in knee contact forces compared to walking with a modiﬁed
gait pattern.
Kutzner et al. (2013)34 Repeated-measures under different
activities
[n ¼ 6]; avg. 17 months post-TKA
In early stance, all shoes increased knee joint forces and moments during
walking. Dress shoes resulted in the largest increase in load. MBT and high
performance shoes resulted in small relative decreases in load during late
stance. Speciﬁc effects of shoe design on knee joint loading are unclear.
Meyer et al. (2013)35 Repeated-measures under altered gait
patterns
[n ¼ 1]; post-TKA
External measures of joint load (e.g., joint moments and EMG) were poor
indicators of medial, lateral and total contact forces directly measured in vivo.
The external knee adduction moment was better correlated to the ratio of
medial to total force. Caution should be taken when inferring internal forces
from external measures, particularly when the total force is likely to change.
Kutzner et al. (2013)36 Repeated-measures
[n ¼ 9]; avg. 27 months post-TKA
The external knee adduction moment and medial knee contact force were
highly correlated during early stance, but only moderately correlated during
late stance and for overall stance. The knee adduction moment was highly
correlated to the medial to total force ratio throughout stance. Moderate
correlations and high inter-individual variability highlighted the limitations of
using the external knee adduction moment to predict the magnitude of medial
knee contact force.
Trepczynski et al. (2014)37 Repeated-measures under different
activities
[n ¼ 9]; avg. 26 months post-TKA
Overall, a good correlation was observed between the peak external knee
adduction moment and the medial knee joint contact force. However, there was
very large variation in the RMS error and slope of the regression line among
individuals and between activities. The external knee adduction moment better
represented the medial to total force ratio. Limitations in the peak knee
adduction moment were emphasized when inferring peak medial knee joint
contact forces, especially during activities where increased muscle co-
contraction is expected.
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Table II (continued )
Reference Characteristics and sample size New ﬁndings and signiﬁcance
Computational modeling
Manal et al. (2013)38 EMG-driven musculoskeletal model,
repeated-measures under altered gait
patterns
[n ¼ 1]; post-TKA, gait data
An EMG-driven model correctly predicted an increase in medial contact force
during a medial thrust gait pattern despite a smaller knee adduction moment.
The model also correctly predicted lateral contact force. Emphasis should be
placed on the importance of considering altered neuromuscular activation
patterns and EMG in addition to external knee measures of joint loading.
Gerus et al. (2013)39 EMG-driven musculoskeletal model
[n ¼ 1]; post-TKA
Accurate knee joint geometry may be necessary to obtain good agreement
between model-predicted and implant-measured medial compartment knee
joint contact forces, but must also consider adjusting for muscleetendon
parameters.
DeMers et al. (2013)40 Static optimization musculoskeletal
modeling and simulation
[n ¼ 1]; 7 years post-TKA
Model forces and in vivo forces were similar during early stance with minimal
muscle activation, but model forces were greater than in vivo forces during late
stance. Increasing the activation of gluteus medius, hip ﬂexors, and soleus, and
decreasing gastrocnemius and rectus femoris reduced model forces during late
stance. Retraining muscle co-ordination could reduce knee joint forces.
Winby et al. (2013)41 EMG-driven musculoskeletal model,
cross-sectional comparisons
[n ¼ 17]; 16 weeks post-APM
[n ¼ 11]; healthy controls
Inconsistent, low correlations were reported between EMG-based activity
measures and articular loading of the knee. Select measures of muscle activation
and the external knee adduction moment only accounted for half of the variance
in medial and lateral compartment loads.
Fok et al. (2013)42 Static optimization musculoskeletal
model, cross-sectional comparisons
[n ¼ 17]; pf OA only
[n ¼ 13]; pf and medial knee OA
[n ¼ 21]; health controls
Gait and muscle activation modiﬁcations appear to be activity dependent.
Patients with patellofemoral OA with/without tibiofemoral OA had lower knee
extension moments, quadriceps force, and patellofemoral joint reaction forces,
and increased anterior pelvic tilt compared to healthy controls during stair use.
When ascending stairs, patients with OA had increased hip ﬂexion, while during
descent had decreased hip ﬂexion and hip adduction moment. There were no
differences between OA groups.
Kumar et al. (2013)43 EMG-driven musculoskeletal model,
cross-sectional comparisons
[n ¼ 16]; medial knee OA
[n ¼ 12]; healthy controls
Using subject speciﬁc muscle activation patterns, patients with knee OA had
greater knee adduction moments, joint laxity, varus alignment, less ﬂexion and
walked slower. High medial compartment loads were observed during early
stance and some patients demonstrated lateral compartment lift-off.
Gardinier et al. (2013)44 EMG-driven musculoskeletal model,
within-subject between-knee
comparisons
[n ¼ 30]; unilateral ACL rupture
Joint loading was decreased on the injured limb compared to the non-injured
limb following acute ACL injury. Both medial and lateral contact forces were
reduced without altering the distribution of load.
Gardinier et al. (2013)45 EMG-driven musculoskeletal model,
TesteRetest Reliability
[n ¼ 9]; young, physically active
The EMG-driven model produced intraclass correlation coefﬁcients that were
generally high, especially for medial compartment force (0.87). Minimal
detectable changes (MDCs) for joint contact forces ranged from 0.3 to 0.66 BW.
The reported MDCs enable the interpretation of true change in an individual's
contact force.
Brandon et al. (2014)46 Static optimization musculoskeletal
modeling and simulation,
[n ¼ 8]; medial knee OA
The largest increase in contact load occurred at the lateral femoral condyle
during lateral muscle activation strategies. However, this change in muscle
activation did not change the medial femoral contact load. Lateral muscle
activation may provide increased joint stiffness without increasing medial
contact forces.
R.F. Moyer et al. / Osteoarthritis and Cartilage 22 (2014) 1989e2002 1993chondroprotective mechanism so that hedgehog signaling, which is
thought to promote OA progression is prevented. Interestingly
hedgehog regulation is upregulated in OA, as is the length and
prevalence of primary cilia17.
A common element between many of these studies is the
concept of threshold, and this was echoed in other investigations
this past year. Hosseini et al.18 aimed to investigate the link between
overload induced cartilage softening and its relationship to
collagen damage. Using indentation loading, they found that a
loading threshold exists (6 N) belowwhich cartilage softening does
not occur. Above the ﬁrst threshold cartilage softening is induced,
but without visible structural damage. Lastly, above a second
threshold, visible structural damage and type II collagen damage
occur. They determined that cartilage softening is one of the
earliest signs of change in cartilage after loading18.
Intensity threshold is another determinant of cartilage degen-
eration after loading. Horisberger et al.11 investigated the effect of
excessive chronic loading, one factor that potentially contributes to
the initiation of OA. They found that submaximal loading with
excessive frequency (loading cycles/unit time) regardless of con-
dition (eccentric, concentric, isometric) caused chondrocyte death
and the onset of early cartilage degeneration in rabbit knees11. From
this we may gather that even when load remains constant, exces-
sively increasing the frequency of this load will promote tissuebreakdown. In addition to intensity threshold, amplitude of strain
is an important consideration. Li et al.19 tested the impact strain had
on bovine cartilage explants post-injury. They found that moderate
dynamic compression (10e20% strain amplitude) prevented
sulfated GAG loss, aggrecanase activity, and chondrocyte apoptosis
after cytokine or cytokine and injury treatments. However strains
of 30% amplitude greatly increased apoptosis and did not amelio-
rate destructive enzyme activity19, once again demonstrating that
different loading parameters have thresholds of beneﬁt for cartilage
homeostasis.
Another factor that inﬂuences how mechanical load is trans-
ferred is malalignment. Malalignment inﬂuences the contact stress
that occurs in a particular compartment of the joints, and nega-
tively affects the joint's ability to dissipate forces uniformly. Gard-
ner-Morse et al.9 studied how compressive contact stress changed
in rat tibiofemoral explants through discrete element analysis, in
addition to high-resolution micro-computed tomography and
biplanar radiographs. They found that varus loading increased
contact stresses across the cartilageecartilage interface, and the
increased levels were similar to those leading to degenerative
changes in rat and human knees9.
In summary of these animal and in vitro studies, the last year has
seen substantial progress in our understanding of cartilage re-
sponses to both protective and catabolic loading, and into the
R.F. Moyer et al. / Osteoarthritis and Cartilage 22 (2014) 1989e20021994thresholds that distinguish the two in many cases. However, it is
likely that we are only scratching the surface of biological mecha-
nisms involved in the cartilage mechanoresponse. In the future,
complete elucidation of these mechanisms, analogous studies in
other joint tissues and, maybe most importantly, integration of
these studies with clinical ﬁndings such as those described below
will be of uttermost importance.
Clinical studies
Cyclic loading of the lower limbs in humans occurs primarily
through walking, which produces forces in the knee that are
approximately 2-to-3 times body weight per step21. The total force
includes the summation of dynamic forces, body weight and
muscle forces, with muscle co-contraction being the largest
contributor. Also, the mechanics of walking tend to move the limb
towards varus alignment, creating an external knee adduction
moment and a greater portion of load on the medial relative to the
lateral tibiofemoral compartment4. Accordingly, numerous factors
such as age, obesity, malalignment, altered muscle activation pat-
terns, and the potential interaction among these factors, are all
suggested to be essential in understanding ambulatory mechanics
in knee OA.
Researchers use a variety of methods to study knee joint loads
when investigating risk factors for knee OA and proposed in-
terventions. Methods commonly include static (and less commonly
dynamic) imaging, calculating the external moments about the
knee during ambulation from motion capture data and ground
reaction forces, and surface electromyography (EMG). More
advanced computational models are also used to estimate internal
knee contact forces and muscle forces, and most recently, instru-
mented knee implants provide a means to directly measure tibio-
femoral contact forces in vivo during ambulation. Important results
were published in the last year in all of the above areas. Selected
studies are summarized in Table II22e46, Table III47e71 and
Table IV72e78, including effect sizes where possible, and more
detailed descriptions of studies that could be synthesized and/or
illustrate particularly important concepts are described below.
Ambulatory mechanics
Our search identiﬁed 25 studies using various methods and
study designs to investigate gait mechanics in patients with knee
OA compared to healthy controls and across levels of disease
severity (Table II)22e46. Nine studies completed by two indepen-
dent research groups used data from instrumented knee implants
with telemetric data transmission32e40. The tibial components of
the implant are instrumentedwith sensors capable of measuring all
six components of forces andmoments during ambulation32,79. The
electronics are powered inductively and transmit the sensor data
telemetrically with what is reported as low measurement er-
ror32,79. The implants provide the rare ability to directly measure
internal knee joint loads in vivo during functional activities. How-
ever, the authors of these studies acknowledge important limita-
tions in generalizability given the method is only possible through
total knee joint replacement, carried out in older patients with end-
stage OA and the altered mechanical environment that accom-
panies advanced disease and the surgery. Understanding these
limitations, knee implant data provide the opportunity to evaluate
computational model estimates of contact and muscle forces in the
knee38e40, help clarify the understanding of other more commonly
used methods in knee OA research such as the external knee
adduction moment35e37, and evaluate biomechanical interventions
intended to decrease knee joint loads (included in the subsequent
section).Three studies used the implant data as the criterion (gold
standard) when evaluating computational models that estimated
forces in the knee during gait38e40. The studies highlighted the
relationship between joint geometry and muscle attachments, the
resulting changes in muscle moment arms and forces, and there-
fore knee joint contact forces. The studies also emphasized the
appropriate inclusion of biarticular muscles and their exerted
moments at the hip and ankle, as well as additional degrees of
freedom in the frontal and transverse planes to improve tibiofe-
moral contact force predictions. The authors noted that future
computational models evaluating altered neuromuscular activation
patterns should also account for the resulting modiﬁed gait pat-
terns sometimes observed in knee OA. In general, the studies
emphasized the importance of including subject-speciﬁc parame-
ters in musculoskeletal models.
Other studies focused on the relationship between more
commonly used external indicators of knee joint loading and in-
ternal tibiofemoral contact force during walking35,36 and other
activities37. For each of these studies, the internal forces acting on
the implant were measured while subjects also underwent gait
analysis using motion capture and ground reaction force data.
Meyer et al.35 quantiﬁed how well different external indicators of
knee load predicted internal knee contact forces during walking.
Based on a single subject (male, 84 years, body mass index (BMI)
24 kg/m2, tibiofemoral alignment 6.5 valgus), Meyer et al.35
demonstrated that although both the internal and external mea-
sures of load changed signiﬁcantly during different walking con-
ditions previously suggested to alter knee joint loads, the direction
of change was not always consistent (sometimes opposite) be-
tween the two types of measures. Multiple linear regression using
the peaks of the subjects' repeated trials indicated that the external
measures were not highly correlated with the medial, lateral or
total knee contact force. Only the regression models that combined
different external measures (e.g., external moments and/or EMG)
achieved R2 values >0.75 when predicting internal peaks, and the
root mean square (RMS) errors varied considerably. Further, the
paradoxical observation of a decrease in peak external knee
adduction moment with a corresponding increase in peak medial
contact force emphasized that the adduction moment was better
viewed as an indicator of medial-to-total contact force ratio.
Kutzner et al.36 also examined how well the external knee
adduction moment predicted medial knee contact force during
walking trials completed by nine subjects (six males, age: 62e76
years, BMI 25e39 kg/m2, tibiofemoral alignment 4.5 valgus to 7
varus). Based on data throughout stance from repeated trials, linear
regression analyses suggested a high correlation for early stance
(R2 ¼ 0.76), a moderate correlation for late stance (R2 ¼ 0.51), and a
moderate correlation for the entire stance (R2 ¼ 0.56). Additionally,
the external knee adduction moment was highly correlated to the
medial-to-total force ratio throughout the entire stance phase
(R2 ¼ 0.76 or 0.81 depending on the type of regression). Among
individual subjects, there was considerable variability in R2 and
RMS error values (with the exception of values throughout early
stance which were more consistent). There was also considerable
variability among subjects in the regression line slopes and y-in-
tercepts, although the authors noted that those parameters did
provide insight regarding the relatively smaller changes in internal
knee medial contact force that might be expected for a given
change in the external knee adduction moment. Additional
regression analyses using the corresponding external and internal
peak values for the individual subjects did not change the inter-
pretation of the results substantially, nor did controlling for
walking speed and static lower limb alignment. Interestingly, using
only walking speed and static lower limb alignment also signiﬁ-
cantly predicted medial contact force (R2 ¼ 0.76). Trepczynski
Table III
Summary of biomechanical intervention studies
Reference Characteristics and sample size New ﬁndings and signiﬁcance
Knee and foot orthoses
Larsen et al. (2013)47 PretestePosttest Gait Study
[n ¼ 23]; medial knee OA
[n ¼ 23]; healthy controls
Variable changes in lower extremity kinematics and kinetics were observed during gait
and sit-to-stand tasks, immediately and after 1 and 2 months of use. Bracing had little
effect on the knee adduction moment. Signiﬁcant improvements in function were
observed with little signiﬁcant changes in pain.
Della Croce et al. (2013)48 PretestePosttest Gait Study
[n ¼ 14]; medial knee OA
An unloading knee brace with inﬂatable bladders at 7 psi signiﬁcantly reduced the
external knee adduction moment by 26%. Even without inﬂating the bladders, the brace
still had a signiﬁcant effect on the knee adduction moment (7.6% decrease).
Fantini Pagani et al. (2013)49 PretestePosttest Gait Study
[n ¼ 12]; medial knee OA
Decreases in muscle co-contraction were observed when wearing a valgus knee brace.
The medial/lateral muscle group decreased co-contraction during late stance and the
ﬂexor/extensor muscle group decreased during loading and late stance. Reducing co-
contraction may contribute to decreases in dynamic knee joint loading.
Hart et al. (2013)50 Case Study
[n ¼ 1]; lateral knee OA
A varus brace for lateral compartment knee OA immediately improved the knee
abduction angle, internal rotation and increased the knee adduction moment.
Johnson et al. (2013)51 Prospective Cohort Study
[n ¼ 25]; knee OA
Patients compliant with valgus brace use after 3 months had improvements in gait
characteristics including walking speed, range of motion and knee angle at heel-strike
compared to patients not using a brace. The knee adduction moment decreased by an
improvement of 48% (range: 16e76%).
Jones et al. (2013)52 Longitudinal Cohort Study and
PretestePosttest Gait Study
[n ¼ 152]; medial knee OA
90% of patients with medial knee OA (137 of 152), had or developed concurrent
contralateral medial knee OA within 10 years. For a subset of patients, load reductions
were evaluated using a lateral wedge orthotic. The early stance knee adduction moment
and angular impulse signiﬁcantly decreased on both the affected and contralateral
limbs. This change was similar between limbs.
Barrios et al. (2013)53 Prospective Cohort Study
[n ¼ 19]; medial knee OA
[n ¼ 19]; healthy controls
Increases in the knee adduction moment were observed in patients receiving no
treatment compared to lateral wedge foot orthotics, both immediately with use and
after 12 months of wear. The mechanical effects of lateral wedge foot orthotics in the
knee OA group did not diminish over time.
Hinman et al. (2013)54 PretestePosttest Gait Study
[n ¼ 21]; medial knee OA
No signiﬁcant differences in the external knee adduction moment or angular impulse
were observed between standardized footwear with or without a medial arch support.
Similarly there were no signiﬁcant effects on pain. However, considerable inter-
individual variability was observed.
Moyer et al. (2013)55 PretestePosttest Gait Study
[n ¼ 16]; medial knee OA
The combined use of a valgus knee brace and lateral wedge foot orthotic resulted in
larger decreases in the knee adduction moment during walking, through changes in the
frontal plane lever arm, compared to using either orthosis separately.
Arazpour et al. (2013)56 Randomized Control Trial
[n ¼ 24]; medial knee OA
[n ¼ 12]; valgus knee brace
[n ¼ 12]; lateral wedge insole
A lateral wedge insole and unloader knee orthoses, worn separately, had signiﬁcant
improvements on knee pain, range of motion, step length and increased gait speed but
no effect on the knee adduction moment.
Jones et al. (2013)57 Randomized Crossover Trial
[n ¼ 28]; medial knee OA
A lateral wedge insole and valgus knee brace, worn separately, reduced the external
knee adduction moment during early stance and the knee adduction angular impulse.
Effects of the wedge insole on the adductionmoment were larger when compared to the
effects of the valgus brace.
Deie et al. (2013)58 Prospective Cohort Study
[n ¼ 118]; medial knee OA
A lateral wedge insole and valgus knee brace reduce the knee adduction moment and
increased gait speed immediately after use. Only the effects of the valgus knee brace
were retained at 12 months of use.
Laroche et al. (2013)59 Prospective Cohort Study
[n ¼ 20]; medial knee OA
During wear, a custom brace designed to induce joint distraction and external rotation
resulted in signiﬁcant gait changes. Gait kinematics and kinetics, as well as pain and
function improved after 5 months of use.
Shoes
Kean et al. (2013)60 PretestePosttest Gait Study
[n ¼ 30]; knee OA
[n ¼ 30]; healthy, overweight
Modiﬁed shoes reduced the knee ground reaction force lever arm and frontal plane
ground reaction force magnitude contributing to overall decreases in the external knee
adduction moment for patients with knee OA and healthy overweight participants. Only
the lever arm contributed to decreases in the knee adduction angular impulse. Changes
at the foot were most likely responsible for changes in lever arm for the OA group and
proximal changes were most likely responsible for the overweight group.
Shakoor et al. (2013)61 PretestePosttest Gait Study
[n ¼ 16]; medial knee OA
A mobility shoe with specialized grooves at major ﬂexion points to mimic barefoot
walking, reduced dynamic knee joint loading after 6 months of use. Reduced loads were
retained during follow-up of conventional shoes suggesting possible gait adaptations or
retraining.
Gait retraining
Shull et al. (2013)62 Prospective Cohort Study
[n ¼ 10]; medial knee OA
A 6-week gait retraining program reduced the external knee adduction moment and
improved patient symptoms. Decreased joint loading and patient symptoms were
retained at 1-month post-intervention.
Surgery
Hall et al. (2013)63 Prospective Cohort Study
[n ¼ 82]; medial APM
[n ¼ 38]; healthy controls
Following arthroscopic partial meniscectomy (APM), increases in the knee adduction
moment were observed and continued to increase at 24 months. The knee adduction
angular impulse was also higher at baseline and remained elevated compared to
controls at 24 months. Although knee strength was lower at baseline in the APM leg,
strength increased post-operatively, matching the controls.
Leitch et al. (2013)64 Prospective Cohort Study (subgroup)
[n ¼ 13]; valgus gonarthrosis
[n ¼ 13]; varus gonarthrosis
[n ¼ 13]; healthy controls
Purposive sampling demonstrated the strong effect changing alignment had on the
distribution of load across the knee during walking. Corresponding increases and
decreases in the knee adduction moment and angular impulse were associated with
varus and valgus producing osteotomies, respectively. Secondary regression analysis
suggested an external knee adduction moment predominated in this sample up to 7 of
valgus malalignment.
(continued on next page)
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Reference Characteristics and sample size New ﬁndings and signiﬁcance
Collins et al. (2013)65 Case Series
[n ¼ 12]; lateral knee OA
Varus producing high tibial osteotomy was associated with an increase in the knee
adduction moment and realignment to neutral suggesting a medial shift in dynamic
knee joint load. Signiﬁcant improvements in the lower extremity functional scale and
knee injury and OA outcome score were also observed.
Lind et al. (2013)66 Prospective Cohort Study
[n ¼ 11]; medial knee OA
[n ¼ 9]; healthy controls
Valgus producing high tibial osteotomy was associated with decreases in the knee
adduction moment and increases in the contra-lateral knee adduction moment. High
tibial osteotomy also resulted in changes in the ﬂexion and extension moments, similar
to those of healthy controls.
Sischek et al. (2013)67 Prospective Cohort Study
[n ¼ 37]; medial knee OA
At 4 years follow-up patients undergoing bilateral staged medial opening wedge high
tibial osteotomy had sustained bilateral improvements in lower limb alignment, frontal
plane knee kinetics during walking, and patient-reported outcomes.
Exercise and diet
Henriksen et al. (2013)68 Randomized Clinical Trial
[n ¼ 157]; medial/lateral knee OA
[n ¼ 100]; unloaders
[n ¼ 57]; loaders
After weight loss, patients with increased and decreased knee joint loads had signiﬁcant
changes in symptoms and cartilage loss after 52 weeks of a maintenance weight loss
period. Increased knee joint loads were not associated with increased rates of structural
disease progression or symptomatic progression when compared to patients with
decreased knee joint loads after weight loss.
Hunt et al. (2013)69 Randomized Clinical Trial
[n ¼ 17]; medial knee OA
[n ¼ 9]; general strengthening
[n ¼ 8]; control, no treatment
General strengthening exercise for 11 weeks had no effect on the knee adduction
moment when compared to no intervention. Biomarkers sCOMP and uCTX-II were
slightly increased in the control group and reduced in the exercise group. A possible
correlation between uCTX-II and knee joint load may exist; however, after controlling
for disease severity and walking speed this relationship was no longer present.
Within Group Changes in knee adduction moment
Control, SMD: 0.19, 95%CI: 0.94, 0.55; P ¼ 0.61
General Strengthening, SMD: 0.06, 95%CI: 0.71, 0.60; P ¼ 0.87
Between Group Differences
General Strengthening vs Control, SMD: 0.06, 95%CI: 0.92, 1.05; P ¼ 0.90
Messier et al. (2013)70 Randomized Clinical Trial
[n ¼ 454]; knee OA
[n ¼ 152]; diet þ exercise
[n ¼ 152]; diet
[n ¼ 150]; exercise
Patients in the diet only group had the largest decrease inmodeled tibio-femoral contact
forces, with exercise alone resulting in the smallest decrease. Weight loss and reduced
IL-6 levels were greatest in patients receiving both exercise þ diet and diet alone
intervention groups. Compared to the exercise only and diet only groups, patients
receiving diet þ exercise reported improved patient-reported pain, and function
outcomes, and improved quality of life outcomes compared to the exercise only group.
Within Group Changes in compressive knee load
Diet, SMD: 0.31, 95%CI: 0.48, 0.15; P < 0.001
Diet þ Exercise, SMD: 0.27, 95%CI: 0.43, 0.11; P ¼ 0.001
Exercise, SMD: 0.16, 95%CI: 0.32, 0.004; P ¼ 0.06
Between Group Differences
Diet vs Exercise, SMD: 0.31, 95%CI: 0.54, 0.09; P ¼ 0.007
Diet/Exercise vs Exercise, SMD: 0.23, 95%CI: 0.45, 0.002; P ¼ 0.05
Diet vs Diet/Exercise, SMD: 0.09, 95%CI: 0.31, 0.14; P ¼ 0.44
Bennell et al. (2014)71 Randomized Clinical Trial
[n ¼ 100]; medial knee OA
[n ¼ 50]; NEXA
[n ¼ 50]; quad strengthening
Neuromuscular training and quadriceps strengthening had no effects on the knee
adduction moment; however, patient-reported pain, function and quality of life
outcomes signiﬁcantly improved in both groups after the 12 week intervention period.
Within Group Changes in knee adduction moment
NEXA, SMD: 0.24, 95%CI: 0.08, 0.56; P ¼ 0.15
Quadriceps Strengthening, SMD: 0.09, 95%CI: 0.38, 0.21; P ¼ 0.57
Between Group Differences
NEXA vs Quadriceps Strengthening, SMD: 0.28, 95%CI: 0.16, 0.72; P ¼ 0.23
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bearing activities completed by the same nine subjects, including
walking, stair ascent/descent and various types of squats among
others tasks. When combining the subjects' trials over 10 different
activities, there was a good correlation between the external knee
adduction moment and medial contact force, with an overall R2 of
0.88 and RMS error of 35%BW. However, there was very large
variation in the RMS error and slopes across subjects and activities.
Adding the external knee ﬂexion moment provided only a modest
improvement in prediction.
In combination, the results of these studies remind us of the
limitations in external measures used to infer ambulatory loads. In
particular, that the external knee adductionmoment represents the
medial-to-lateral distribution of ambulatory load across the knee,
not the actual force on the medial compartment80. Similarly, these
studies illustrate that the adduction moment is an indicator of the
medial-to-total force ratio and is therefore only a good represen-
tation of knee medial contact force when the total force does not
change. The results emphasize that changes in the external knee
adduction moment must be interpreted very carefully in situationswhere total contact force may change, for example due to changes
in muscle co-contraction (Fig. 2).
Biomechanical interventions
Our search identiﬁed 26 studies investigating various biome-
chanical interventions (Table III)47e71. As the external knee
adduction moment was described as the primary measure of
ambulatory mechanics in most of these studies, we plotted stan-
dardized mean differences (SMD) with 95% conﬁdence intervals
(CI) before and after each intervention, when the required data
were provided (Fig. 3). Most studies focused solely on frontal plane
kinetics, although several also investigated other measures such as
sagittal (10 studies) and transverse (3 studies) plane kinetics,
spatiotemporal characteristics (9 studies), EMG (1 study), and
modeled knee joint compressive force (2 studies).
Although we made no attempt to pool data, ﬁndings tended to
suggest that several interventions could indeed alter themedial-to-
lateral distribution of ambulatory load across the knee. However,
with few exceptions, effect sizes were generally small-to-moderate
Table IV
Summary of mechanical risk factor studies
Reference Characteristics and sample size New ﬁndings and signiﬁcance
Alignment
Felson et al. (2013)72 Longitudinal Cohort Study
[n ¼ 5053 knees (MOST)]; with/at high risk
for knee OA
[n ¼ 5953 knees (OAI)]; with/at high risk for
knee OA
Increased risk of lateral compartment disease progression was associated with valgus
malalignment, with increased risk of progression even among those patients with mild-to-
moderate valgus. In patients without radiographic knee OA at baseline, valgusmalalignment
was associated with incident lateral disease, lateral cartilage damage, and worsening
meniscal tear or extrusion.
Example effect sizes include:
OA progression: OAI, adjusted OR 3.5 (95%CI: 2.0, 6.3); P < 0.0001
OA incidence: MOST, adjusted OR 2.5 (95%CI: 1.0, 5.9); P ¼ 0.041
OA lateral meniscal damage: MOST, adjusted OR 3.4 (95%CI: 1.6, 7.5); P ¼ 0.0004
Sharma et al. (2013)73 Prospective Cohort Study
[n¼ 293 knees]; with/at high risk for knee OA
Varus malalignment was associated with incident medial cartilage damage and reduced risk
of incident lateral cartilage damage. Valgus malalignment was not associated with incident
lateral cartilage damage, but was associated with a reduced risk of incident medial cartilage
damage.
Example effect sizes include:
Varus alignment and incident medial damage, adjusted OR 3.59 (95%CI: 1.59, 8.10)
Valgus alignment and incident lateral damage, adjusted OR 0.97 (95%CI: 0.26, 3.70)
Muscle activation
Baert et al. (2013)74 Cross-sectional study
[n ¼ 14], early knee OA
[n ¼ 12], established knee OA
[n ¼ 14], healthy controls
Patients with moderate knee OA demonstrated increased joint loading, altered gait patterns
and decreased hamstring strength compared to controls; whereas, those patients with less
severe knee OA did not. Patients early in the disease process demonstrated decreased quad
strength suggesting a possible role in early disease onset.
Rutherford et al. (2013)75 Cross-sectional study
[n ¼ 82]; medial knee OA
[n ¼ 35]; healthy controls
Structural joint changes were associated with altered speciﬁc knee muscle activation
patterns. Amplitude and temporal patterns for medial gastrocnemius, lateral hamstring and
quadriceps muscles varied between groups of knee OA severity. As disease severity
increased, temporal responses were delayed, demand for stiffness increased, and medial
loading decreased.
Mills et al. (2013)76 Systematic review, meta-analysis
[n ¼ 14]; neuromuscular studies
Moderately increased lateral thigh co-contraction (rectus femoris, biceps femoris, vastus
lateralis) was demonstrated in patients with moderate knee OA during the time between
heel strike and the ﬁrst peak knee adduction moment. Regardless of disease severity, medial
joint laxity and varus alignment, patients with knee OA also had increased amplitude and
duration of lateral knee muscles in addition to increased co-contraction.
Joint injury
Zabala et al. (2013)77 Cross-sectional study
[n ¼ 45]; ACL reconstructed
[n ¼ 45]; healthy controls
Signiﬁcantly lower knee moments were observed in all three planes for ACL reconstructed
knees compared to the contralateral limb during stair ascent and descent, but not during
gait (except for the knee adduction moment). Greater loading was observed for the
contralateral limb and may be the result of ofﬂoading of the ACL reconstructed knee.
Age and obesity
Blazek et al. (2014)78 Cross-sectional study
[n ¼ 28]; young, avg. weight
[n ¼ 27]; young, overweight
[n ¼ 28]; middle-age, avg. weight
[n ¼ 27]; middle-age, overweight
Increases in age and obesity were associated with poorer relationships between articular
cartilage thickness and dynamic knee joint loads. The relationship was dependent on the
source of joint loading, increased body weight or gait mechanics, and the medial or lateral
compartment.
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This observation was underscored by a recent meta-analysis of
randomized clinical trials evaluating the effect of lateral wedges
insoles for patients with medial knee OA81. Although pooled effect
sizes from all studies suggested a decrease in pain, the effect was no
longer statistically or clinically signiﬁcant when pooling data from
only those studies that used a neutral orthotic as a control.
Three studies used instrumented knee implants to evaluate the
change in tibiofemoral contact force with various interventions,
including footwear, walking poles and modiﬁed walking
patterns33e35. Compared to barefoot walking, all shoes tended to
increase knee loads slightly. Dress shoes were most unfavorable.
Two specially designed shoes provided some relative decreases34.
Walking poles decreased medial contact load when longer poles
and wider placement were used33. The effects of modiﬁed gait
patterns were also variable and did not consistently decrease
contact forces33,35. Results from these studies were generally
consistent with the above studies and suggested that some of the
previously recommended, non-invasive biomechanical in-
terventions can indeed alter dynamic knee loading in patients with
knee OA, although ﬁndings were variable and the clinical impor-
tance of the observed small decreases in tibiofemoral contact force
remain unclear.
Three randomized clinical trials, including one pilot trial69,
evaluated the effects of exercise interventions (and/or diet) onmeasures of gait biomechanics69e71. Bennell et al.71 compared the
effects of neuromuscular exercise (i.e., exercises performed in
functional weight-bearing positions and emphasized quality of
movement and alignment of the trunk and lower limb) to more
traditional quadriceps strengthening. Patients with medial knee OA
and varus alignment were randomized to 12 weeks of either
intervention. Although both groups experienced large improve-
ments in pain and function, the interventions had no signiﬁcant
effect on the external knee adduction moment during walking, and
there was no difference between groups (Table III). Similar results
were observed for the external knee ﬂexionmoment. Noted caveats
included the potential for the exercise interventions to inﬂuence
other measures of knee joint loading and other more demanding
activities than walking.
Messier et al.70 investigated whether intensive diet-induced
weight-loss (10%), with or without exercise, improved outcomes
more than exercise alone. Overweight and obese patients with knee
OA were randomized to exercise alone, diet alone, or diet plus exer-
cise. Primary outcome measures were the modeled knee joint
compressive force during walking and plasma interleukin (IL)-6
levels. Secondary outcome measures were patient-reported pain,
function and quality of life. At 18 months follow-up, patients in the
diet alone group experienced the largest decrease in knee compres-
sive force, with exercise alone resulting in the smallest decrease
(Table III). Signiﬁcantdifferences betweengroupswere onlyobserved
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reduced IL-6 levels were greatest in patients receiving diet alone, or
diet plus exercise. Compared to the exercise alone and diet alone
groups, patients receiving diet plus exercise reported improved pain,
function and quality of life. The authors concluded that weight loss
associated with the diet alone group can reduce knee joint loads su-
perior to those effects brought about byexercise. The authorsdid note
that their musculoskeletal model did not incorporate contractions of
some major muscle groups (e.g., hip ﬂexors and abductors)
throughout stance or possible neuromuscular changes thatmay have
resulted from the interventions studied.
Mechanical risk factors
Our search identiﬁed seven studies of varying designs that
focused onmechanical risk factors for incidence and/or progression
of knee OA, including alignment, altered neuromuscular activation,
joint trauma, age and obesity (Table IV)72e78.
Felson et al.72 investigated the effect of lower limb valgus
alignment on lateral knee OA incidence and progression. The me-
chanical axis angle was measured from standing full-limb radio-
graphs in subjects with or at high risk for knee OA participating in
the Multicenter Osteoarthritis Study (MOST) and the Osteoarthritis
Initiative (OAI) longitudinal cohort studies. Knees were categorized
into three strata of valgus alignment (1.1e3, 3.1e5 and 5.1 or
above) or neutral alignment (1.0 varus to 1.0 valgus). X-rays and
MRIs were obtained at the time of the full-limb radiograph and
approximately at 30 months follow-up to determine new and
progressive lateral joint space narrowing, cartilage, andExternal Knee Flexion Moment External Knee Adduction Moment 
Madduction   Fmedial
                    Ftotal
Fig. 2. The external moments about the knee in the frontal and sagittal planes are
often used to characterize ambulatory loads on the joint. The external knee adduction
moment is suggested to represent the distribution of load between the medial and
lateral compartments, while the external knee ﬂexion moment is suggested to
represent net muscle contraction35,80. Modeling and knee implant studies suggest the
actual load on the knee is typically two-to-three times body weight during walking,
primarily due to muscle co-contraction, with a greater portion of load on the medial
compartment. Studies in the last year illustrate that the external knee adduction
moment during walking (Madduction) is an indicator of the medial force (Fmedial) to total
force (Ftotal) ratio and is therefore only a good representation of knee medial contact
force when the total force does not change35,36.importantly, meniscus damage (tear or extrusion). Logistic regres-
sion with adjustment for other known risk factors indicated valgus
alignment vs neutral alignment was strongly associated with the
progression of lateral knee OA in all valgus alignment strata, was
also associated with incident lateral knee OA in those with greater
than 3 valgus, and was associated with lateral meniscal damage
(Table IV).
As described by the authors of the study, and in an accompa-
nying editorial82, the potent effect of even small-to-moderate
valgus alignment, the effect on disease incidence, and the sugges-
tion that the mechanism likely involves (in part) the increased risk
of meniscal damage, provide important new insights regarding
ambulatory mechanics in knee OA. For example, several lines of
evidence suggest that even in mild-to-moderate valgus alignment
there is an external knee adduction moment during walking and a
greater proportion of load on the medial relative to lateral
compartment64,83,84. The preponderance of an adduction moment
during walking is suggested to help explain the different
morphologic characteristics between the medial and lateral tibio-
femoral compartments, including joint shape, stability, meniscal
function and perhaps biologic responses to load82,85,86. Given the
fact that the lateral compartment is less congruent (e.g., more
convex on convex rather than convex on concave like its medial
counterpart), has greater contact stress and a more mobile
meniscus, it may be that even subtle valgus malalignment transfers
damaging loads to the lateral meniscus and cartilage that are not
designed and/or accustomed to accept those loads. In other words,
although still primarily a knee adduction moment, the lower
adduction moment observed with mild-to-moderate valgus
compared to neutral alignment, and concomitant greater than
optimal load on the lateral knee, may induce harmful cellular re-
sponses within the joint. The suggestions are in keeping with the
theme of the present review and the proposed importance of
considering multiple contributions to load, including muscle and
joint structure, and the potential interactions among ambulatory
mechanics and mechanobiology.
Summary
Basic studies have identiﬁed novel regulators of the cartilage
response to load. Future challenges include better characterization
of the signaling and transcriptional pathways involved, identiﬁ-
cation of the molecular mechanisms that differentiate protective
from degenerative responses and further resolution of the spatial
and temporal patterns in mechanoresponse. Furthermore, the
roles of subchondral bone, muscle, ligaments, tendons and other
joint tissues have to be better investigated and integrated with
ﬁndings from cartilage. Novel approaches will be required to
connect such ﬁndings from model systems with physiological and
pathological loading, as well as load-changing interventions, in
humans.
Clinical studies showed a renewed focus on the importance of
muscular, soft tissue and other morphologic characteristics to
ambulatory mechanics in knee OA. This included an emphasis on
the appropriate interpretation of the external knee adduction
moment. Although previously well described80,82, the almost
pervasive use of the adduction moment (e.g., see Fig. 3), often
without reporting other measures of ambulatory mechanics jus-
tiﬁes the emphasis. Moreover, although not unanimous, several
studies suggested biomechanical interventions (e.g., foot and knee
orthoses) can alter knee joint moments during walking, yet their
clinical beneﬁt remains unproven (and even refuted in the case of
lateral wedge orthotics). Alternatively, the clinical beneﬁt of exer-
cise is well established87, yet high quality randomized trials showed
insigniﬁcant effects of various exercise interventions on the
DECREASE
Fig. 3. Knee adduction moment forest plot. SMD and 95% CI for change in the external knee adduction moment during walking with and without use of a proposed
biomechanically-driven intervention. Most studies focused solely on frontal plane kinetics. Less commonly reported parameters included sagittal and transverse plane kinetics,
spatiotemporal characteristics, EMG or modeled knee joint compressive force.
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tions support the need for further investigations into the impor-
tance of additional measures of ambulatory mechanics (while not
throwing the baby out with the bath water), including other
external measures relevant to knee joint loading and musculo-
skeletal models that predict internal knee contact and muscle
forces. Importantly, although the ability to accurately predict forces
is indeed an essential part of validation, the relationship with
outcomes of clinical importance, such as structural progression,
pain and function is the larger goal, and therefore, clinical utility of
biomechanical measures must also be considered.
Results from both basic and clinical studies are consistent with
the suggestion that altering joint loads can induce protective and
harmful responses in the joint. A greater understanding of these
mechanisms, of the features that distinguish protective from
damaging loads (maybe in a patient-speciﬁc manner), and of their
potential application in clinical interventions is urgently required.
Further studies that merge research methods from the disciplines
covered here, in conjunction with steadily improving imaging and
computational tools, will be crucial for a more complete under-
standing and application of the role of mechanics in OA.Contributions
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